A model of the tides in a hemispherical ocean is used to investigate the effect of changes in the Earth's rotation rate on the power dissipated by the ocean tides. The results obtained are thenused in an idealized astronomical model to investigate how they affect the history of the Earth-Moon system. Using the tidal model it is found that at rotation rates higher than that of the present Earth, the power dissipated by the semi-diurnal tides in the ocean drops off rapidly as a result of the increased tidal frequency. Thus if the Earth's rotation rate is doubled from its present value, then the rate of energy dissipation in the ocean is reduced to approximately one-third of its present value and the tidal torque is reduced by a factor of about 6.
Introduction
Measurements of the secular acceleration of the Moon in its orbit have been used by a number of authors to obtain constraints on how the Earth-Moon system was formed and evolved (Darwin 1880; Gerstenkorn 1955 Gerstenkorn , 1967 Gerstenkorn , 1969 Slichter 1963; MacDonald 1964; Sorokin 1966; Ruskol 1966; Goldreich 1966; Turcotte, Cisne & Nordmann 1977; Lambeck 1978; Singer 1968) . Lambeck (1977) has recently reviewed much of the field. Other useful reviews are found in Brosche & Sundermann (1978) and Rosenberg & Runcorn (1975) .
In these studies when extrapolating the Moon's orbit back into the past, an important problem is in deciding which factors, besides the Earth-Moon separation, should be considered when calculating the changes in the tidal torques. The most obvious candidate is the tidal angular velocity and calculations have been made assuming that the torque is independent of w , that it is proportional to w and that it is proportional to w-'. The results, however, are rather similar and indicate that the Moon was very close to the Earth, i.e. within a few Earth radii, between 1.0 and 2 . 0~ 109yr ago. In comparison the age of the Solar System is 4.6 x 109yr. The period when the Moon was close to the Earth is called the Gerstenkorn event and as the tidal torques would prevent it from lasting for more than a few thousand years, it has been suggested that it represents the time of capture of the Moon by the Earth.
Unfortunately this date for the Gerstenkorn event is in conflict with the other evidence available. Thus as discussed by Munk (1968) , the heat generated by the tidal forces during the period of close encounter should have left some evidence in the geological record. The Earth shows no evidence of such an event having occurred and recent results from the Moon indicate that the event could not have occurred within the last 4 x 109yr (Lambeck 1980; Burnett 1975; Head 1976 ).
An additional problem is that if the Gerstenkorn event did ever occur, then conservation of angular momentum requires that the initial rotation period of the Earth must have been less than 6 hr. This is inconsistent with estimates obtained by MacDonald (1966) in a study which found that the angular momentum density of the planets was roughly proportional to their masses (see also Brosche 1963) . Using the mean value of the constant of proportionality he finds an initial rotation period for the Earth of 13.1 hr. Using the maximum value (from Saturn and Mars) he finds a rotation period of 9.9 hr. It is thus unlikely that a rotation period of less than 6 hr ever occurred.
These discrepancies indicate that the assumptions used when extrapolating the Moon's orbit into the past may be in error. One possibility is that the present ocean is unusual and is dissipating a lot more tidal energy than would be dissipated by an average ocean. This might occur for example because the present ocean is affected by a special resonance of the oceans. However this possibility was studied by Webb (1982) , and it was found that the energy dissipated in the present ocean is similar to that dissipated in a range of model oceans. Thus the present ocean is apparently not unusual.
Another possibility is that on average in the past, the systematic variations in the tidal torques have been more extreme than has been allowed for. Factors which might have affected the torques include changes in the depth and shape of the oceans, changes in the Coriolis force and in the wavelength of the tides produced by changes in the Earth's rotation rate, changes in the area and depths of continental shelves which affect the energy dissipated by the tides and frnally changes in the internal structure of the Earth which affect the Earth tides.
One approach to determining if any of these factors is important is to start by directly modelling the tides in ancient oceans. This is the approach taken by Sundermann & and it should be particularly useful for studies of the past 500 Myr during which reasonable geological data are available.
Another approach is to note that one of the most difficult effects to model, the change in Ocean shape due to continental drift, has a time-scale of only 108yr. This is much shorter than the age of the oceans, about 4 x 109yr, and so over the history of the Earth, changes due to continental drift may be expected to cancel out. The same is true of changes produced by polar wander. Thus a better understanding of the Earth-Moon system might be obtained by developing a model of an 'average' ocean of the past and using this to determine the past behaviour of the tidal torque. This is the approach used in this paper and it is used to study those changes which have accompanied the slow decrease in the rotation rate of the Earth.
Early in its history when the Earth was rotating faster the frequency of the tides in the oceans would have been higher. The wavelength of the tides would have been much shorter than at present and so their match to the tidal forces, with their constant very long wavelengths, would have been a lot less efficient. This would have reduced the height of the tides and so reduced both the power dissipated by the tides and the resulting torques on the Earth and Moon.
The problem is studied by first investigating the magnitude of the effect on the ocean tides and secondly by seeing if this has a significant effect on the history of the Earth-Moon system. In doing this an important problem is to decide how best to represent an average ocean of the past. On average, continental drift will have smoothed out the effect of individual resonances of the ocean and so the method adopted should similarly smooth the resonances (Webb 1980) .
The solution adopted here is to use a model of the tides in a hemispherical ocean (Webb 1982) and to average the results obtained over all positions of the Earth's axis relative to the centre of the ocean. This procedure does smooth out most of the resonances and produces an average power dissipation curve whose shape depends primarily on general physical features such as the depth of the ocean.
The results obtained show that at rotation rates higher than that of the present Earth, the power dissipated by the semi-diurnal tide drops off rapidly with frequency. Thus doubling the rotation rate reduces the power dissipated to a third of its present value and reduces the tidal torque to a sixth of its present value.
The results are then used in a simplified astronomical model of the movements of the Earth, Moon and Sun. The changes produced when extrapolating back the history of the system move the time of the Gerstenkorn event to 5.3 x 109yr ago. However the reduced energy dissipated in the ocean when the Earth's rotation rate is increased means that the energy dissipated within the solid Earth becomes relatively more important and must be included in the astronomical model. When this is done the Gerstenkorn event is found to occur 3.9 x io9yr ago.
The limitations of the models mean that these figures should not be taken quantitatively, but rather as qualitative values indicating the importance of the different physical effects involved. The details of the tidal model are discussed in Section 2 of the paper. Section 3 is concerned with the astronomical model and the Earth tides are introduced in Section 4.
The tidal model
The tidal model used is that described by Webb (1982) . In the model, Laplace's tidal equations are solved numerically for a hemispherical ocean, the centre of which can be orientated at any angle relative to the Earth's axis. The depth of the ocean is taken to be 4400m which is typical of a deep ocean like the Pacific. The model unfortunately does not include continental shelves where most of the energy is believed to be dissipated. Instead tidal dissipation is included by using a linear bottom friction term with the friction coefficient chosen so that the decay time for tidal energy in the ocean is 30hr. Studies of the real ocean (Garrett & Munk 1971; Webb 1973) indicate that the true decay time lies between 24 and 60hr. Further details concerning the tidal model may be found in the original paper (Webb 1982) . In the astronomical model described later, the Moon and Sun are constrained to be directly above the Earth's equator. In such a configuration the tidal forcing is dominated by the forces corresponding to the Y ; ' spherical harmonic equilibrium tide (Munk & Cartwright 1966 ). The first part of the calculation is therefore to use the model to observe the response of the ocean to these forces at various tidal frequencies and rotation rates of the Earth. In these calculations the magnitude of the tidal forcing is held constant and chosen so that the rms amplitude of the equilibrium tide is 1 m. Some preliminary calculations with the astronomical model showed that over the history of the Earth, the S2 tide due to the Sun has had an angular velocity of between 1.995 and 2.000 i2 where i2 is the angular velocity of the Earth. Similarly the M2 tide due to the Moon has had an angular velocity of between 1.925 and 1.935 i2. It was also found that if w , the angular velocity of the tides, was held constant the power dissipated in the average oceans varied only slowly with Q. On the basis of these results, the amount of computing was considerably reduced by running the tidal model at closely spaced values of w but only for the two cases where o was equal to 1.93 0, or 2.00 Q. In the astronomical model linear interpolation was then used to interpolate to other values of s2.
The power dissipated by the tides for the case w equals 2 i2, when o lies between 0 and 37.5 rad per present day (0-6 cycle per present day), is shown in Fig. 1 . The different curves correspond to the angle 6 , between the centre of the ocean and the Earth's axis, being stepped by 15" increments between 0" and 90". The curves show the influence of individual resonances of the ocean and these are seen to change in frequency and importance as the angle 6 is varied. The energy dissipated is largest near 10 rad day-', corresponding to a rotation period of the Earth of 30 hr, and drops off rapidly at higher rotation rates.
To estimate the energy dissipated by the average ocean, the results obtained for different values of 6 are averaged with a weighting function of sins. This latter term represents the probability of the angle 6 having a particular value when averaging over all the possible orientations of the ocean and the Earth's axis. The resulting average energy dissipated for the two cases o equal to 1.93 i2 and o equal to 2.00 51 are shown in Fig. 2 . Most of the individual resonances have been smoothed out and remaining is a broad peak near o equal to 10rad per present day with a sharp drop in the energy dissipated at higher frequencies. This drop is less steep above 15 rad per present day.
The results mean that if the Earth's rotation rate is doubled, the power dissipated by the tides drops to about one-third of its present value. The power dissipated is proportional to For the M2 tide the total correction factor is 9.45 x 3 The astronomical model
The complete solution of the lunar orbit requires a complex and lengthy calculation (Goldreich 1966) so for the investigative purposes of this paper a simplified model was used. In this model, the Moon is in a circular orbit about the Earth, the Earth is in a circular orbit about the Sun, and the planes of the orbits are chosen to coincide with the Earth's equatorial plane.
With these constraints two semi-diurnal tides are produced. These are the M2 tide due to the Moon and the S2 tide due to the Sun. Their angular velocities denoted by w , and w, are, w , = 2(!2 -n ) ,
where C l is the angular velocity of the Earth, n the angular velocity of the Moon about the Earth and s the angular velocity of the Earth about the Sun.
The power dissipated by the lunar tides results in a torque which slows down the Earth's rotation and increases the angular momentum of the Moon in its orbit. The power transferred to the Moon's orbit by the lunar torque T,, is T, n and the power lost by the Earth's rotational energy is T, S2. The difference of the two terms gives W, the power dissipated by the M2 tide in the oceans.
Similarly the torque Ts due to the S2 tide is related to the power dissipated W, by,
The rate of change of the Earth's angular momentum is given by, The torque due to the Sun, in addition to slowing down the Earth's rotation, also accelerates the Earth in its orbit around the Sun. However, the change produced is very small and will be neglected.
T H E DISSIPATION T E R M S
To complete the model it is necessary to express the power dissipation functions W, and W, in terms of the astronomical variables a, n and r. The power dissipated is proportional to the square of the tidal forces and the forces corresponding to the Yi2 equilibrium tide are themselves proportional to m/r' (here rn is the mass and r the distance of the tide-producing body). The power dissipated by the lunar and solar tides may therefore be expressed as, where W(w, a) is the power dissipated by the forces corresponding to an equilibrium tide of unit r m s amplitude (Fig. 2) . ro is the present distance of the Moon, m its mass and r, and m, are the distance and mass of the Sun.
C is a constant to correct for the actual rms amplitude of the tide, for the true area of the deep ocean and for the influence of the Earth tides on the ocean tide. For the present M2 tide its value has been given earlier (9.45 x but when the Moon is held above the equator it increases to 1.146 x lo-' because of an increase in the rms equilibrium tide. This increase comes from terms which in its present inclined and elliptical orbit contribute to other semi-diurnal, diurnal and long-period tides. The power dissipated by the Moon in the oceans then becomes 3.7 TW.
The value of C with the Moon held above the equator is the one used in the astronomical model. For the present time it gives a secular acceleration of the Moon of -30.5 arcsec century-'. This is slightly higher than the astronomical estimate of -28 f 3 arcsec century-' and the satellite estimate of -24 k 5 arcsec century-' (Lambeck 1977) , and so would be expected to give a more recent time for the Gerstenkorn event than would be obtained with the measured values.
Calculations are also carried out for the two cases where either the torque or the power dissipated is independent of w and a. When the power dissipated is independent of these factors,
where Wmz is the average power dissipated in the model by the M2 tide for the present rotation rate of the Earth. When the torque is independent of w and 52, where 0 , ' is the angular velocity of the present M2 tide. Thus in the astronomical model, equations (3) and (7) were solved using (1) and (2) and with the dissipation terms coming either from the averaged ocean model or from equations (10) or (1 1). The model wasnumerically integrated back in time using a Runge-Kutta-Merson subroutine and with a step size automatically adjusted to keep errors small.
RESULTS FROM T H E ASTRONOMICAL MODEL
In order to make comparisons with earlier studies, the model was first run with the tidal torque independent of w and 52 (equation 11). The resulting changes in the Earth -Moon separation are plotted as a function of time in Fig. 3 (curve a) . This shows that with such a torque, the time of the Gerstenkorn event would have occurred 1.3 x 109yr ago. This is a more recent date than previous studies have predicted and results from the higher secular acceleration of the present model.
Calculations were also made with the power dissipated independent of w and 52 (equation 10). The results are plotted as curve b of Fig. 3 and show that with these constraints the time of the Gerstenkorn event would have been 1.8 x 109yr ago.
Curve c of Fig. 3 shows how the Moon's orbit evolves when the dissipation terms are taken from the averaged Ocean model. The reduction in the power dissipated, when the Earth's rotation rate is large, results in a much slower initial evolution of the orbit. The Gerstenkorn event is predicted as occurring 5.3 x 109yr ago, which really means it would have never occurred as this is before the SoIar System was formed.
Dissipation in the solid Earth
So far the power being dissipated within the solid Earth by Earth tides has been neglected. To include this term it is necessary to know the value of Q-l, the fraction of the Earth's tidal energy dissipated in each tidal cycle. Unfortunately this quantity is not known accurately but Lambeck (1980) has given a lower limit of 1/200 and an upper limit of 1/130. Using equation (10.2.4a) of Lambeck (1980) , with the phase e given by, sine = Q-' = 1/150, then the power dissipated by the present M2 tide in the solid Earth is 0.204TW. This is approximately 7 per cent of the power dissipated by the M2 tide in the oceans and is usually neglected.
The frequency of the tides is too low to be seriously affected by the resonances of the solid Earth so the same value of Q-' should also be valid when the Earth rotated faster. As a result when the Earth's rotation rate was approximately twice its present value, the relative importance of torque due to the Earth tides would have been six times larger. (A factor of 2 from the rotation rate and 3 from the reduction of the ocean tides.) The Earth tides would have then dissipated 50 per cent of the power dissipated by the ocean tides and so would have had a significant effect on the timing of the Gerstenkorn event. The Earth tides were therefore included in the astronomical model by adding constant torque terms (equation 10) for the M2 and S2 tides, with W,, chosen so that the power dissipated by the present M2 tide is 0,247 TW. The corresponding figure for the S2 tide is 0.052 TW. These values assume that the Moon and Sun's orbits lie exactly above the equator.
The present average secular acceleration of the Moon is increased, by the Earth tide terms, to -32.5 arcsec century-*. The resulting change of the Earth-Moon separation as a function of time is plotted as curve d in Fig. 3 . Over the last 2 x 109yr the effect of the Earth tides is small, but at earlier periods the power dissipated within the Earth has a significant effect and it brings the time of the Gerstenkorn event forward to 3.9 x 109yr ago. The power dissipated by the oceanic and solid Earth tides, in the complete model, is shown in Fig. 4 . Up to 109yr ago the total power dissipated has been declining due to the increasing Earth-Moon separation, but recently it has been increasing due to the influence of the ocean resonances. The present importance of these resonsances is best illustrated by the power dissipated by the S2 tide in the ocean, which does not depend on the Earth-Moon separation.
In the future the power dissipated in the ocean is predicted to increase slightly over the next 200 M yr. After that the dissipation rate drops off rapidly so that in 2 x 1 O9 yr time it will be down to 0.8 TW. The Earth's rotation period will then be 54 hr. Fig. 5 shows the rms amplitude of the M2 and S2 oceanic tides over the same period. Of interest is the relatively small change in the amplitude of the tide over the last 3 x 109yr. The slightly larger tides in the past would have produced larger tidal erosion and transport rates but the changes will not have been very great. Fig. 5 also shows that in the past the ratio of the S2 to M2 tides was smaller and so the springs to neaps ratio of the tides would have been much less. The number of present-day hours per mean solar day of the past, the number of days per synodic lunar month, the number of months per year and the number of day per year are 
Discussion
The results reported in this paper lead to two main conclusions. The first is that early in the history of the Earth-Moon system, the increased rotation rate of the Earth resulted in a reduction in the tidal energy dissipated by the oceans and a much longer time being required before the Earth and Moon could reach their present separation. The second conclusion is that, because of the reduced dissipation of the ocean, the power dissipated by the Earth tides within the solid Earth was significant. The models predict that the Gerstenkorn event occurred 3.9 x 109yr ago. However, the limitations of the model mean that such a figure cannot be considered as being accurate but more as an indication that, if the Gerstenkorn event did ever occur, it occurred soon after the formation of the Solar System.
The main limitation of the astronomical model is in ignoring the inclination of the Moon's orbit about the Earth, and the Earth's orbit about the Sun, to the Earth's equator. As a result the diurnal forcing in the model has been reduced in amplitude and the semidiurnal forcing increased. If the response of the ocean to the different forcing was similar this would not matter, but in practice the ocean responds less to the diurnal forcing. The approximation thus results in an overestimate of the power dissipated by the tides.
The main limitation of the ocean model is the question of how well it represents the average ocean of the past. The technique used in this paper reduces the importance of individual resonances but without a better understanding of the properties of an average ocean it is possible that systematic errors have been introduced. Errors may have been introduced by the lack of continental shelves in the model or by the friction coefficient used. Errors may also have been introduced by the use of a constant depth and area of ocean.
Early in the evolution of the Earth, when the chemical differentiation between the continents and the oceanic crust was not so well developed the average depth of the ocean would have been less. This would have reduced the wavelength of the ocean tides, reducing their match with the tidal forces and so further reducing the power dissipated in the oceans. In addition, prior to the formation of the ocean, there would have been no ocean dissipation and the value of Q-' applicable to the Earth tides is likely to have been different.
Many of these corrections result in a reduction in the energy dissipated and so may be expected to produce an earlier date for the Gerstenkorn event. Indeed it is feasible that the Gerstenkorn event never occurred and that the Moon was formed instead by accretion in orbit around the Earth.
